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Background: Conversion of arthrodesed hips to total hip arthroplasty (THA) remains
technically demanding. This study aims to evaluate the safety and efficacy of robot-
assisted THA in arthrodesed hips.

Methods: We retrospectively analyzed 45 ankylosing spondylitis patients with hip arthrod-
esis in the Chinese PLA General Hospital between August 2018 and August 2019. All
surgeries were carried out by one single surgeon. The patients were followed at 3 months
after surgery. Gender, body mass index, angle of hip arthrodesis, operating time, intraopera-
tive fluoroscopic times, postoperative length of hospitalization, cup positioning, postopera-
tive leg length discrepancy, offset discrepancy, intraoperative and postoperative
complications, and postoperative Harris Hip Score were collected for all patients.

Results: Twenty-two patients (35 hips) who underwent robot-assisted THA and 23 patients
(37 hips) who underwent manual THA were enrolled in this study. There were no significant
differences in demographics and arthrodesed angles between the two groups. The fluoro-
scopic times during manual THA were significantly higher than those during robot-assisted
THA (2.16+1.61 vs 0.47+0.61, respectively, p=0.000). In the robotic group, the percentage of
acetabular cups within the safe zone was significantly greater than in the manual group
(94.29% vs 67.56%, respectively, p=0.042). For manual THA, the anteversions were sig-
nificantly different between the left and right sides (21.14+7.86 vs 16.00£6.32, respectively,
p=0.042); however, no such significant difference was found in robot-assisted THA.
Conclusion: Compared with manual THA for arthrodesed hips, robot-assisted THA had
significant advantages in improving the frequency of achieving cup positioning within the
target zone with diminished radiation dose and no increase in operating time.
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Introduction

Ankylosing spondylitis (AS) is the prototype of immune-mediated inflammatory
rheumatic diseases grouped under the term spondyloarthritis (SpA)."* The preva-
lence of AS is between 0.1% and 1.4% worldwide.” As a chronic and painful
degenerative arthritis, it primarily affects the spine, sacroiliac joints and peripheral
joints.>*

Hips are the most susceptible peripheral joints. Up to 8% of AS patients
ultimately require total hip arthroplasty (THA).' Although many studies have
shown the clinical outcome of hip replacement in AS patients to be satisfactory,
conversion of the arthrodesed hip to THA is very technically demanding. This is
due to altered anatomy during the exposure and difficulty in correctly identifying
the true acetabulum.”™'" A lack of defined anatomical landmarks and deceptive
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intraoperative positioning of the patient tend to cause cup
malpositioning, which would increase the risk of disloca-
tion and accelerating polyethylene wear after THA.'*'° In
recent years, the use of robot-assisted technology in
executing THA for many complex cases has increased,
and many studies have reported that robots can improve
the accuracy of prosthetic positioning in THA.'*!'®'®
Therefore, we conducted a retrospective cohort study to
evaluate the safety and efficacy of robot-assisted THA for
arthrodesed hips.

Patients and Methods

We retrospectively analyzed the AS patients who had arthro-
desed hips and underwent hip replacement in our prospec-
tively constructed joint registry system between August 2018
and August 2019. The diagnostic criterion of hip arthrodesis
was an absence of joint space with trabeculae traversing the
joint on computed tomography (CT). Inclusion criteria were:
1) the hip was arthrodesed in the extended position (the angle
between the shaft of the femur and the anterior pelvic plane
was within 20°); 2) the spinal deformity did not need surgical
correction after the consultation with a spinal surgeon; 3)
all surgeries used the cementless acetabular cup (Trident;
Stryker, Mahwah, USA), tapered cementless stem
(Accoladell; Stryker, Mahwah, USA) and ceramic on highly
cross-linked polyethylene (CoP); and 4) all surgeries were
performed by one senior surgeon (CJY) with or without the
assistance of a robot. Exclusion criteria were: 1) patients who
had unilateral hip arthrodesis undergoing bilateral THA; and
2) patients who had incomplete clinical data or non-standard
radiographs. The study protocol was approved by the
Medical Ethics Committee of Chinese PLA General
Hospital. Written informed consent was obtained from all
patients. Robot-assisted THA was suggested for all patients.
Since it usually took 2 weeks to draw up the surgical plan for
robot-assisted THA, the patients who underwent robot-
assisted THA had to go home and wait for 2 weeks after
the CT scan. This was time consuming for patients who lived
far from the hospital. The surgeon had no preference for any
given technique with any particular patient group. In prac-
tice, the surgeon would take each patient’s opinion into full
consideration and decide on the surgical method.

Fifty-four patients met the inclusion criteria. Two
patients were excluded because of the first exclusion criter-
ion and three patients were excluded because of the second
exclusion criterion. Four patients were lost to follow-up,
and finally 45 patients (72 hips) were enrolled in this study.
Among these cases, 22 patients (35 hips; 19 left hips and

16 right hips) underwent robot-assisted THA and 23
patients (37 hips; 22 left hips and 15 right hips) man-
ual THA.

Surgical Procedure: Robot-Assisted THA

In our institute, the Mako THA system (Stryker, Mahwah,

USA) was used to enable robot-assisted THA. For the

patients who underwent robot-assisted THA, the preopera-

tive surgical plans of the three-dimensional template were
created in the robotic system.

1. Construction and segmentation (Figure 1).
Preoperative CT DICOM images of bilateral hip
and knee were imported into the robotic system
for the template. The segmentation of arthrodesed
hips was different from the technique utilized in
standard robot-assisted THA. When segmenting
the pelvis with the standard technique, the pelvis is
separated from the femur and they are registered as
two independent bones. In arthrodesed hips, the
pelvis and femur are regarded as an integrated
bone with no attempt to separate the bones during
segmentation. The new method of construction and
segmentation requires registration of the pelvis prior
to femoral neck osteotomy, which has not been
described in previous studies.

2. Preoperative surgical plan (Figure 2). Several ana-
tomical landmarks could be found easily in the CT
scans. The fossa acetabuli, which was filled by the
fatty ligamentum capitis femoris, could be used to
identify the acetabular floor. The transverse acetab-
ular ligament and calcified joint space could be used
to identify the acetabular wall. Based on these land-
marks, we were able to make a template of the size
and depth of the acetabular cup. All acetabular cups
were set at 40° (inclination) and 20° (anteversion) in
the initial preoperative plan.

3. Preparation and approach. The pelvic tacking array
was placed in the iliac crest prior to skin incision. All
surgeries were performed through a posterolateral
approach. Checkpoints were placed during the expo-
sure to enable leg length and offset measurement.

4. Registration and in-situ osteotomy. The surgeon
began the virtual registration after removing the
soft tissue surrounding the acetabular posterior
wall and greater trochanter. The first three land-
marks should, in theory, be located in the posterior

anterior acetabulum and

acetabulum, superior
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acetabulum. In this study, the landmarks were chan-
ged to the posterior acetabulum, greater trochanter
and neck—pelvis junction, respectively (Figure 3).
Then, pelvic registration was completed according
to system prompts and instructions. The registration
points should be located as far apart from each other
as possible in the operating area, because these
initial landmarks will determine the distribution
range of the next 32 registration points. Incorrect
initial landmarks would yield some unattainable
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Figure | Preoperative X-rays and three-dimensional model construction of the arthrodesed hip. (A) Preoperative anteroposterior X-rays of bilateral hips. (B) Three-
dimensional model construction of pelvis in the robotic system.

points and thus compromise the registration accu-
racy. Two methods were used to verify the accuracy
of registration. The first was to check the color of
registration points. Green is the most accurate
(<0.5 mm), followed by yellow (0.5-1.5 mm), and
red is not accurate (>1.5 mm) (Figure 4).
The second was to use the location of verification
points (blue changed to white) and distance to bone
(<1 mm) (Figure 5). Pelvic registration was consid-
ered accurate only if there were fewer than three red
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Figure 2 Preoperative surgical plan of positioning of components in the robotic system.

dots and all verification points were passed. After
pelvic registration, the in-situ osteotomy was per-
formed perpendicular to the femoral neck to enable
mobilization of the femur while minimizing the risk
of damage to the acetabular anterior wall. Then
femur was pulled forward to expose the acetabulum.

5. Reaming and cup implantation. The surgeon moved
the reamer into the acetabulum. With the help of the
haptic arm, the planned volume bone was removed
with a reamer (Figure 6). Then, the surgeon
impacted the acetabular cup into the planned posi-
tion. Finally, acetabular screws were placed and the
acetabular liner was impacted in place. The femoral
stem was implanted manually (Figure 7). Joint sta-
bility was tested through a range-of-motion assess-
ment to determine the direction of the elevated rim
of the polyethylene liner. The final orientations of
the acetabular cup, LLD and offset were recorded.
Intraoperative fluoroscopy was used when the stem
alignment could not be determined.

Surgical Procedure: Manual THA
For the patients who underwent manual THA, the preopera-
tive surgical plans of the two-dimensional template were

made in Orthoview software (version 6.6.1; Materialise,
Leuven, Belgium). The procedures of exposure and osteot-
omy were as described in the previous subsection. The
surgeon used the smallest reamer to search for the fatty
ligamentum capitis femoris to determine the acetabular
floor, then used larger reamers, in turn, to remove the femoral
head and prepare the acetabulum. The acetabular cup and
femoral stem were implanted manually. Intraoperative
fluoroscopy was used when the acetabular floor, acetabular
wall or stem alignment could not be determined.

When femoral fracture occurred during the operation, it
was managed according to its location and severity. Robots
cannot help with the management of femoral fracture.

Follow-Up and Radiographic
Measurements

The patients were reviewed at 3 months after surgery and
X-rays were taken of the anteroposterior pelvis in the
supine position. When taking postoperative X-rays, the
hips were in 10-15° of internal rotation and the X-ray
beam was centered over the pubic symphysis. The long-
itudinal axis of the body and legs was parallel to the
imaging table. The acetabular cups were used to calibrate

the radiographs to eliminate magnification errors.
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Figure 3 Preoperativesurgical plan of positioning of pelvic landmarks in the robotic system. (A) Anterior superior iliac spine (blue point). (B) Posterior acetabulum (blue
point). (C) Anterior acetabulum (blue point). (D) Superior acetabulum (blue point). (E) Rotation center (blue point) (the above pelvic landmarks are usually shown as green

and change to blue when being captured).

The patients’ age, gender, body mass index (BMI) and
angle of hip arthrodesis were collected in our joint registry
system.

The operating time, fluoroscopic times during the
operation, postoperative length of hospitalization (LOH),
position of the acetabular cup, postoperative leg length
discrepancy (LLD), offset, intraoperative and postopera-
tive complications, and postoperative Harris Hip Score
(HHS) were collected for each patient at 3 months after
surgery.

The angle between the long axis of the femoral shaft and
bilateral teardrops’ connecting line was used to evaluate

whether X-rays were standard. If the angle was greater
than 10°, the related data of LLD and offset were excluded.

The operating time was defined as the time from initial
incision to final wound closure.

The orientation of the acetabular cup was measured
on X-rays with Orthoview software. The anteversion of
the cup was the angle between the short and long axes
of the ellipse projected by the cup. Anteversion = arcsin
(short axis/long axis). The inclination of the cup was the
angle between the cup’s long axis and bilateral tear-
drops’ connecting line. The accuracy of this software
for measuring inclination and anteversion has been
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validated.'” Then, we calculated every cup’s anteversion The LLD was the difference in distance between the

and inclination that were within Lewinnek’s safe lesser trochanters and bilateral teardrops’ connecting line.

16,20

Zones. If teardrops or lesser trochanters were poorly visible, the
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Figure 7 Comparison of preoperative surgical plan and postoperative X-rays of the arthrodesed hip. (A) Robotic surgical plan. (B) Actual postoperative X-rays.

ischial tuberosity or greater trochanters were used as their
substitutions, respectively.

Offset was the distance between the center of the femoral
head and the long axis of the femoral shaft. Offset discre-
pancy (offset-D) was the difference between bilateral offsets.

Intraoperative complications were defined as neurovas-
cular injury (significant disturbance of movement or

sensation of the operated leg; intervention by a vascular
surgeon required) and femoral fracture. Postoperative
complications were defined as cup malposition, disloca-
tion, aseptic loosening, periprosthetic joint infection and
reoperation for any reason.

Cup malposition was defined as: 1) the acetabular cup
was superiorly placed (the inferior border of the acetabular
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cup above the bilateral teardrops’ connecting line was more
than 1 cm); 2) the acetabular cup was excessively media-
lized (the cup broke through the acetabular medial wall by
more than 0.5 cm); or 3) the acetabular cup was excessively
lateralized (the cup was located in the femoral head or its
medial border was more than 0.5 cm away from the acet-
abular medial wall). If any of the above conditions were
met, the acetabular cups were regarded as malpositioned.

To assess intraobserver and interobserver variations,
these measurements (position of the acetabular cup, LLD
and offset) were initially performed in a random order
independently by two trained joint surgery residents
(KXP and YMZ), who then took the measurements again
after 2 weeks without knowing the first values. The final
result was the average of four values. When the two
residents disagreed on cup malposition, the decision was
made by the senior surgeon (CW).

Statistical Analysis

All statistical analyses were performed utilizing SPSS ver-
sion 22 (IBM Corp., Armonk, NY, USA). Measurement data
are shown as the mean, standard deviation and extreme
values (range). Measurement data were analyzed by the
Student’s #-test or rank-sum test. Categorical data were
analyzed by Fisher’s exact test and the chi-squared test.
The intraobserver and interobserver agreements were calcu-
lated by the interclass correlation coefficient (ICC). A value
of a=0.05 was applied to all tests.

Results
There were no significant differences in demographics
between the two groups (Table 1).

The intraobserver and interobserver agreements were
found to have nearly perfect reliability for all of the
measurements (ICC>0.81). The results are shown in
Table 2.

There were no significant differences in the operating
time, anteversion, inclination, LLD, offset-D, LOH and
HHS between the two groups (Table 3).

The robotic procedures of registration, reaming and
cup implantation did not prolong the operation. Instead,
the fluoroscopic times in the robot group was significantly
shorter than that in the control group (0.47+0.61 vs 2.16
+1.61, respectively, p=0.000), which meant that intrao-
perative fluoroscopy was needed more in manual THA
robot-assisted THA for arthrodesed hips.
Therefore, when robot-assisted THA was applied in arthro-

than in

desed hips for AS patients, the operating time was

the Two Groups

Table | Comparison of the Preoperative Clinical Data Between

Clinical Data Robot Group Control Group p

Gender (M:F) 20:2 22:1 0.608

Age (years) 41.92+6.81 34.87+5.96 0.093
(29-66) (24-49)

BMI (kg/m?) 23.79+4.34 22.93+4.85 0.610
(17.96-30.47) (14.17-31.24)

HHS 36.66+19.79 30.63+23.57 0.424
(15-83) (3-72)

Angle of hip - - -

arthrodesis (°)

Abduction (°) 5.53+7.05 (0-20) 4.73£9.28 (10-35) | 0.744

Flexion (°) 12.37£11.23 11.89£16.13 0.909
(0-30) (0-70)

External rotation (°) | 6.32%8.14 (0-20) 4.4616.85 (0-25) 0.372

Follow-up (days 97.53+3.18 96.08+2.98 0.642
(80-99) (83-102)

Notes: Data are shown as mean+SD (range), unless otherwise indicated.
Abbreviations: M, male; F, female; SD, standard deviation; BMI, body mass index;
HHS, Harris Hip Score.

Table 2 Intraobserver and Interobserver Variations of
Measurements
Inclination (°) | Anteversion (°) | LLD (mm) Offset (mm)
KXP 0.94 0.85 (0.79-0.90) 0.89 0.89
(0.91-0.96) (0.85-0.93) | (0.84-0.94)
YMZ | 093 0.83 (0.81-0.88) | 09I 091
(0.88-0.96) (0.86-0.94) | (0.85-0.95)
p 0.92 0.85 (0.81-0.89) 0.89 0.89
(0.88-0.96) (0.85-0.95) | (0.86-0.93)

Abbreviation: LLD, leg length discrepancy.
Note: Data are shown as interclass correlation coefficient (95% confidence
interval).

comparable to manual THA, and the duration of intrao-
perative fluoroscopy was significantly reduced.

Two acetabular cups in the robot group and 12 acet-
abular cups in the control group were outside the safe
zone. Although the anteversion and inclination did not
differ significantly between the two groups, the percentage
of acetabular cups in the safe zone was significantly higher
in the robot group than in the control group (94.29% vs
67.57%, respectively, p=0.004). In addition, the antever-
sion in the robot-assisted THA had a smaller range than in
the manual THA, although the difference was not signifi-
cant (Figure 8).
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Table 3 Comparison of the Intraoperative and Postoperative Clinical Data Between the Two Groups
Clinical Data Robot Group Control Group P
Operating time (minutes) 96.58+21.54 (60155) 98.41+28.37 (55-190) 0.807
Intraoperative fluoroscopy (times) 0.47+0.61 (0-2) 2.16x1.61 (0-6) 0.000*
Anteversion of cup (°) 16.9545.69 (5-30) 18.4117.62 (0-36) 0.466
Inclination of cup (°) 42.5845.15 (31-57) 40.036.21 (27-53) 0.130
Lewinnek’s safe zone, % (n/N) 94.29 (33/35) 67.57 (25/37) 0.004*
LLD (mm) 3.17£4.37 (0-12) 2.26+4.63 (0-17) 0.580
Offset-D (mm) 3.50+4.89 (0-14) 0.61+2.04 (0-8) 0.072
LOH (days) 4.95+1.72 (3-8) 481+2.16 (2-12) 0812

Notes: Data are shown as meanSD (range), unless otherwise indicated. *p<0.05.

Abbreviations: SD, standard deviation; LLD, leg length discrepancy; Offset-D, offset discrepancy; LOH, length of hospitalization.

The total incidence of perioperative complications in
the robot group was significantly lower than in the
group (5.71% vs 56.76%,
p=0.000). There were six hips with cup malposition in

control respectively,

the control group, which was more than in the robot

group, although the difference was not significant

(16.22% vs 0%, respectively, p=0.086) (Table 4). The
robot showed a trend toward finding the real acetabulum
and improving the cup positioning. In the control group,
all three fractures were a mild split of the femoral calcar
during stem implantation and were treated with wire

binding.

60.001 W Robot-assisted THA
B Manual THA *
50.00 o
40.00-
o] O o
1
*
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2 X
(& ]
20.007]
10.00-
.00+ (0]
T T
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Figure 8 Box-plot of inclination and anteversion in robot-assisted THA and manual THA (° means abnormal value and * means outlier).
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Table 4 Comparison of the Incidence of Perioperative
Complications Between the Two Groups

Incidence Robot Control P
Group Group

Intraoperative fracture 0 (0/35) 8.11 (3/37) 0.240

Intraoperative 0 (0/35) 0 (0/37) -

neurovascular injury

Outside safe zone 5.71 (2/35) | 32.43 (12/37) | 0.004*

Cup malposition 0 (0/35) 16.22 (6/37) | 0.025%

Dislocation 0 (0/35) 5.41 (2/37) 0.493

Total 5.71 (2/35) | 56.76 (21/37) | 0.000*

Notes: Data are shown as % (n/N). *p<0.05.

The anteversion of left cups was significantly larger
than that of the right side in the control group (21.14
+7.86 vs 16.00+£6.32, respectively, p=0.042). In the
robot group, there were no significant differences in
anteversion or inclination between the two sides
(Table 5).

Discussion

Hip arthrodesis in the extended position can cause great
inconvenience to the affected patients. These patients can-
not sit or bend, which makes their quality of life extremely
poor. THA is the most successful treatment to restore the
mobility of the hip joint and improve patients’ social life.
However, the conversion of arthrodesed hips to replace-
ment hips poses huge challenges for surgeons.'>?'**

In 1975, Brewster first reported that the challenges
included patient positioning, exposure and identification
of anatomical landmarks, component placement, restora-
tion of limb length and stability.”> The surgical difficul-
ties can be divided into several aspects. First, the rigid
spine and pelvis, which was an unreliable reference,
would cause cup malposition and dislocation.> Secondly,
the blind in-situ osteotomy of the femoral neck might
result in injuring the acetabular wall and neurovascular
structure. Thirdly, the boundary between the acetabulum

and femoral head was difficult to discern. It was easy to
implant the cup within the femoral head. Fourthly, severe
osteoporosis would increase the risk of periprosthetic
fracture.

The adoption of robots in THA has been reported

positioning.*® =’

previously to improve component
Considering the clinical benefits of robot-assisted surgery,
some surgeons recommended applying robots in complex
hip replacement.”"*

This study is the first report on robot-assisted THA in
arthrodesed hips. In our cohort, robot-assisted THA
demonstrated significant advantages in reducing periopera-
tive complications and improving cup positioning.
Although the anteversion or inclination between the two
groups showed no significant difference, the robot could
increase the proportion of acetabular cups within the safe
zone. The robot could also follow the surgical plan accu-
rately and reduce the incidence of cup malposition in
vertical and horizontal orientations. The incidences of dis-
location between robot-assisted THA and manual THA
were not significantly different, which may have been
influenced by the small sample size and short follow-up.

One previous study in our institute reported that even
for experienced surgeons, individual handedness was
likely to be a contributory factor to cup orientation.”® In
this study, we found similar results. For the manual THA,
which was undertaken by a right-handed surgeon, cup
positioning by the dominant hand was more accurate
than that by the non-dominant side. Furthermore, there
was less variability in acetabular cups on the dominant
side, regardless of the anteversion or inclination. For the
robot-assisted THA, no significant differences in the orien-
tation of cups between the two sides were found. Thus, the
robot could eliminate the effect of the surgeon’s handed-
ness on cup positioning in THA.

Compared to common cases of hip replacement, the
advantages of using a robot may be more significant in

arthrodesed hips. The advantages are embodied in two

Table 5 Comparison of the Orientation of the Acetabular Cup on Different Sides Between the Two Groups

Group Cup Orientation Left Side Right Side P

Robot Group Anteversion (°) 18.11£6.77 (5-30) 16.20+5.16 (5-21) 0.496
Inclination (°) 44.11+5.53 (36-57) 41.20+4.61 (31-49) 0.234

Control Group Anteversion (°) 21.14+7.86 (0-36) 16.00+4.32 (5-25) 0.042*
Inclination (°) 40.36+6.97 (27-53) 40.00+3.85 (30—46) 0.856

Notes: Data are shown as meanSD (range). *p<0.05.
Abbreviation: SD, standard deviation.
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aspects: the accurate preoperative surgical plan and the
high implementation rate of the surgical plan. First, the
three-dimensional template can more precisely determine
the size and position of acetabular cups. Secondly, the
preoperative plan can be more accurately replicated during
the operation by the robotic system. These two functions
contributed significantly to the clinical superiority of
robot-assisted THA in this study.

Of course, the realization of these advantages depended
on the surgeons’ experience. The robot could only copy, not
create, the surgical plan. The surgeons had the main effect on
the surgical effectiveness and safety of the semi-automatic
robot. Exposure, osteotomy and management of complica-
tions remained manual work in THA for arthrodesed hips.

This study had several limitations. First, the study design
was retrospective and the sample size was small. The pro-
spectively constructed joint registry system and the auto-
matic saving robotic software could ensure the authenticity
of the data to some extent. This study enrolled the rare cases
with arthrodesed hips, and its sample size was the largest
among similar studies.”'> Secondly, the follow-up time was
relatively short and longer observation was needed to eval-
uate the long-term clinical outcomes. Thirdly, the measure-
ments of the acetabular cup were based on X-rays. However,
measurements based on radiography have been proved to
have excellent correlation with CT scans.>' > Fourthly, this
study did not take the spine—pelvic parameters into consid-
eration in the surgical plans.

Conclusion

Compared with manual THA for arthrodesed hips, robot-
assisted THA had significant advantages in improving the
frequency of achieving cup positioning within the target
zone, with diminished radiation dose and no increase in oper-
ating time.
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